Overview of powered-lift technology by Campbell, J. P.
. -. 4 
OVERVIEW OF POWERED-LIFT TECHNOLOGY 
John P. Campbell 
The George Washington Univers i ty ,  
J o i n t  I n s t f t u t e  f o r  Acoust ics  and F l i g h t  Sciences  
- 1 SUMMARY l i 
i l  
Th i s  introduc:ory paper is intended t o  s e t  t h e  s t a g e  f o r  t h e  conference  by ! 
reviewing progress  t o  d a t e  i n  t h e  powered- l i f t ' f i e ld .  The concept and app l i ca -  
t i o n  of powered l i f t  and t h e  e f f e c t s  of some fundamental des ign v a r i a b l e s  a r e  
d iscussed.  A b r i e f  chronology of s i g n i f i c a n t  developments i n  t h e  f i e l d  is a l s o  
, i 
presented and t h e  d i r e c t i o n  of r e sea rch  e f f o r t s  i n  r e c e n t  y e a r s  is i n d i c a t e d .  
A l l  powered-l if t  concepts a r e  included,  bu t  emphasis is on t h e  two e x t e r n a l l y  ! 
blown schemes which involve  blowing e i t h e r  above o r  below t h e  wing and which 1 
a r e  now being u t i l i z e d  i n  t h e  YC-14 and YC-15 a i r p l a n e s .  'This review d e a l s  / 
p r i m a r i l y  w i t h  aerodynamics and v e h i c l e  des ign ,  and only touches b r i e f l y  on t h e  i I 
a r e a s  of a c o u s t i c s ,  propuls ion,  and loads .  I 
INTRODUCTION 
It i s  perhaps a p p r o p r i a t e  t o  s t a r t  t h i s  review with a b i t  of h i s t o r i c a l  
backg-ound which i l l u s t r a t e s  one of t h e  f a c t o r s  t h a t  spurred i n t e r e s t  i n  powered 
l i f t  back i n  t h e  1950's. Richard E. Kuhn brought ou t  t h i s  po in t  very w e l l  by 
t h e  use  of f i g u r e  1 which is  a h i s t o r y  of maximum l i f t  development from t h e  
Wright Brothers  t o  t h e  p resen t  day. The upper s o l i d  l i n e  shows t h a t  wi th  t h e  
i n t r o d u c t i o n  of t r a i l ing-edge  f l a p s  and wi th  t h e  con t inu ing  refinement and 
s o p h i s t i c a t i o n  of these  f l a p s ,  t h e  maximum l i f t  c o e f f i c i e n t  C L , ~ ~ ~  obta ined 
i n  wind-tunnel t e s t s  increased a t  a  r a p i d  r a t e  up u n t i l  t h e  1940's  but  a t  a  
much more modest r a t e  af terward.  Of course ,  t h e  values  of CL,,,, a t t a i n e d  
wi th  o p e r a t i o n a l  a i r c r a f t  lagged w e l l  behind t h e  wind-tunnel p rogress  a t  f i r s t ,  
but  i t  l a t e r  became apparent  t h a t  a i r p l a n e s  would soon be us ing up most of t h e  
mechanical-f lap h i z h - l i f t  technology developed i n  le winds tunne l .  Th i s  t r e n d  
was fo reseen  by resea rchers  i n  t h e  e a r l y  1950's  who recognized t h a t  t h e  c e i l i n g  
on CL,rnax ob ta inab le  wi th  mechanical f l a p s  could be bypassed by making f u l l  
use of t h e  energy of the  t u r b o j e t  propuls ion engines  t o  augment wing l i f t ,  a s  
i n d i c a t e d  by t h e  dashed l i n e .  Explora tory  resea rch  on t h e  j e t - f l a p  p r i n c i p l e  
was t h e r e f o r e  s t a r t e d  i n  an e f f o r t  t o  r e a l i z e  t h i s  p o t e n t i a l .  
I n  t h i s  j e t - f l a p  concept,  a  h igh-veloci ty  j e t  shee t  i s  turned downward by 
a t r a i l ing-edge  f l a p  and e f f e c t i v e l y  i n c r e a s e s  t h e  chord of t h e  f l a p  t o  produce 
h igher  l i f t .  The t o t a l  l i f t  produced is  made up of t h e  t h r e e  compone,lts shown 
i n  f i g u r e  2: t h e  power-off l i f t  produced by t h e  wing and f l a p ,  t h e  l i f t  due t o  
t h r u s t  d e f l e c t i o n  ( t h a t  i s ,  t h e  v e r t i c a l  component of t h e  t h r u s t ) ,  and powered 
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c i r1 :u la t lon  l i f t  which is t h e  a d d i t i o n a l  c i r c u l a t i o n  l i f t  induced on t h e  wing 
;;it\l hv t h e  p re sence  of t h e  j e t  s h e e t .  The p r o p o r t i o n s  of t h e  t l ~ r e e  corn- 
! : k x , 1  L I ? + +  :, ~ r t  v a r y  q u i t e  a  b i t ,  depending  on t h e  t y p e  o f  f l a p  and t h e  p a r t i c u l a r  
pof.t, l . c . , \ - l  l f t  concept  used.  
POWERED-LIFT CHRONOLOGY 
'i k ~ u n b ~ r  of d i f f e r e n t  concep t s  have been s t u d i e d  a s  i n d i c a t e d  by t h e  
~ ? i ~ ; ~ t ~ r ~ i l - l i f t  ch ro~ lo logy  p r e s e n t e d  i n  f i g u r e  3. Dates  a r e  shown f o r  t h e  f i r s t  
: iA: . t  :.irc!l conducted on a  g i v e n  concept  an3  For t h e  f i r s t  f l i g h t  of an a i r p l a n e  
i n c o r p o r a t i n g  t h e  concep t .  
The blowing boundary- layer -cont ro l  (BLC) scheme i l l u s t r n t e d  a t  t h e  t o p  is 
n o t  u s u a l l y  cons ide red  a  t r u e  powered- l i f t  concept  s i n c e  i t  o n l y  x s e s  eng ine  
b l eed  a i r  and hence does  no t  make f u l l  u se  of  t h e  a v a i l a b l e  e n g i n e  t h r u s t .  I t  
is inc luded  h e r e ,  however, b e c a u s e ' o f  i ts  b a s i c  s i m i l a r i t y  t o  t h e  j e t  f l a p  and 
because  some of  t h e  work on  blowing BLC provided  u s e f u l  i n f o r m a t i o n  i n  t h e  1 
devclopmtmt of  t h e  j e t  f l a p .  Exp lo ra to ry  s t u d i e s  o f  blowing BLC were c a r r i e d  
o u t  as c a r l y  iis t h e  1920 ' s  bu t  i t  was n o t  u n t i l  t h e  1940 ' s  and 1950 ' s  t h a t  sy s -  
t e m a t i c  r e s e a r c h  was condr~c ted  t h a t  l e a d  t o  a p p l i c a t i o n  o f  t h e  concep t .  Some 
of  t h e  most impres s ive  work was dons on t h e  Navy's F9F-5 a i r p l a n e  i n  t h e  e a r l y  
1950 ' s  under t h e  d i r e c t i o c  o f  John A t t i n e l l o  ( r e f .  1 ) .  A number o f  o t h e r  a i r -  
c r a f t  w i th  blowing BLC have been f lown,  i n c l u d i n g  t h e  Boeing 367-30 a i r p l a n e  
which was used by NASA f o r  low-speed f l i g h t  r e s e a r c h  i n  t h e  e a r l y  1960 ' s .  (See 
The p r i n c i p l e  of  t h e  j e t  f l a p  was proposed and v e r i f i e d  by Schubauer  i n  
1932,  b u t  very  l i t t l e  a t t e n t i o n  was g iven  t o  t h e  c.otlct3pt u n t i l  20 y e a r s  l a t e r  
when A t t i n e l l o ' s  s t u d i e s  i n  t h e  Uni ted  S t a t e s  ( r e f .  1 )  and Davidson's  s t u d i e s  
i n  England ( r e f .  2 )  showed g r e a t  promise f o r  t h e  j e t  f l a p .  T h i s  work l e d  t o  
e x t e n s i v e  r e s e a r c h  programs on t h e  concept  i n  England, France ,  and t h e  United 
S t a t e s .  (For  example, s e e  r e f s .  1 t o  4 . )  The Hunting j e t  f l a p  r e s e a r c h  a i r -  
p l a n e  ( f i g .  5 )  was b u i l t  i n  t h e  e a r l y  1960 ' s  t o  s t u d y  t h e  f l i g h t  c h a r a c t e r i s t i c s  
a s s o c i a t e d  w i t h  t h e  j e t  f l a p .  (See r e f .  5.)  Unfo r tuun to ly ,  t h e  a i r p l a n e  had a  
number of  d e f i c i e n c i e s  which l i m i t e d  i t s  u s e f u l n e s s  as a r e s e a r c h  a i r c r a f t .  
I n  t h e  l a t e  1950 ' s  De Hav i l l and  of Canada i n i t i a t e d  r e s e a r c h  on a v a r i a t i o n  . , 
o f  t h e  j e t  f l a p  c a l l e d  t h e  augmentor wing. T h i s  concept  i n c o r p o r a t e s  a shroud 
assembly over  t h e  f l a p  t o  c r e a t e  an  e j e c t o r  sys tem which augments t h e  t h r u s t  o f  
t h e  n o z z l e  by e n t r a i n i n g  a d d i t i o n a l  a i r .  The augmentor wing was t h e  s u b j e c t  of 
a  comprrhensive r e s e ~ r c h  program c a r r i e d  ou t  j o i n t l y  by NASA and t h e  Canadian 
governmrnt s t a r t i n g  i n  1965. T h i s  program culmina ted  i n  t h e  d e s i g n  and con- 
s t r u c t i o n  of  t h e  C-8 augmentor wing r e s e a r c h  a i r p l a n e  by Boeing and De Havi l land .  
(See f i g .  6 . )  The a i r c r a f t  was f i r s t  flown i n  1972  and s i n c e  th.it  t ime has  been 
used  i n  n j o i n t  NASA-Ames and Canadian f l i g h t  r e s e a r c h  frogram. (See r e f .  6 . )  
Both t r ~ ?  augmentor wing and t h e  jet f l a p  proved t o  bc very  e f f i c i e n t  ae ro -  
dynamica l ly  i n  t h a t  t hey  produced a large i n c r e a s e  i n  wing l i f t  w i th  a givc?n 
amount of engL~le t h r u s t .  But t bcy  a r e  i n t c r n o l l y  blown sys tems and hence s u f f e r  
t h e  disadvnnti lge of r e q u i r i n g  i u t e r n a l  d u c t i n g  which adds t o  t h e  weight ,  cot i t ,  
and complexi ty  of t h e  wing s t r u c t u r c .  
I n  an e f f o r t  t o  e l i m i n a t e  i n t e r n a l  d u c t i n g  and t o  p r o v i d e  much s i m p l e r  
powered- l i f t  sys tems,  NASA Langley Research  Cen te r  s t a r t e d  work i n  t h e  1950 ' s  
on t h e  s o - c a l l e d  " e x t e r n a l l y  blown systems" - t h e  e x t e r n a l l y  blown f l a p  rlsed 
w i t h  conven t iona l  pod-mounted e n g i n e s ,  and t h e  uppci- s u r f a c e  blown f l a p .  
Exp lo ra to ry  r e s e a r c h  w a s  f i r s t  c a r r i e d  o u t  on t h e  e x t e r n a l l y  blown f l a p  i n  195b 
( r e f .  7 ) ;  r e s e a r c h  on t h e  upper  s u r f a c e  blown f l a p  s t a r t e d  about  a  y e a r  l a t e r  
( r e f .  8). I n i t i a l  r e s u l t s  appeared  t o  be promis ing  f o r  bo th  concep t s .  A f a i r l y  
e x t e n s i v e  r e s e a r c h  program was c a r r i e d  o u t  t o  deve lop  t h e  technology f o r  t h e  
e x t e r n a l l y  blown f l a p ;  bu t  t h e r e  were no i n d i c a t i o n s  of s e r i o u s  i n t ~ e r e s t  by t h e  
i n d u s t r y  i n  a p p l y i n g  t h e  concept  u n t i l  Boeing i n c o r p o r a t e d  i t  i n  i t s  p roposa l  
f o r  t h e  C-5 compe t i t i on .  Although Boeing ' s  e n t r y  d i d  no t  win,  t h i s  show of  
i n t e r e s t  a c c e l e r a t e d  t h e  r e s e a r c h  011 t h e  e x t e r n a l l y  blown f l a n  and l e d  t o  an 
e a r l i e r  bu i ld-up  o f  t h e  technology b a s e  r e q u i r e d  f o r  a p p l i c a t i o n  o f  t h e  concep t .  
The cu lmina t ion  of  a l l  t h i s  r e s e a r c h  is ,  o f  c o u r s e ,  t h e  McDL>nnell-Douglas YC-15 
AMST ( f i g .  7 )  which h i s  been f l y i n g  s i n c e  August 1975. 
As po in t ed  o u t  e a r l i e r ,  t h e  i n i t i a l  r e s u l t s  o b t a i n e d  on t h e  concept  f o r  t h e  
upper  s u r f a c e  blown f l a p  i n  1957 appeared t o  be prom!\-ing. The aerodynamic per -  
formance was comparable w i th  t h a t  of  t h e  e x t e r n a l l y  blown f  l a p ,  and preli1:linary 
n o i s e  s t u d i e s  showed i t  t o  be a  p o t e n t i a l l y  q u i e t e r  concept  beca:lse of  t h e  
s h i e l d i n g  e f f e c t  of  t h e  wing. (See r e f .  9 . )  However, s i n c e  t h e  upper  s u r f a c e  
blowing arrangement  i nvo lved  a change i n  e n g i n e  l o c a t i o n  away from t h e  g e n e r a l l y  
accep ted  unders lung  pods and s i n c e  t h e r e  was a t  t h a t  time no s p e c i a l  concern  
w i t h  t h e  n o i s e  problem, r e s e a r c h  on t h e  upper  s u r f a c e  blown f l a p  was dropped 
a f t e r  t h e  i n i t i s i  s t u d i e s .  Research was resumed i n  t h e  e a r l y  70's when i t  was 
becoming apparenL t h a t  t h e  e x t e r n a l l y  blown f l a p  might have d i f f i c u l t y  meeti, lg 
i n c r e a s i n g l y  st r i r l2er  r noise  r equ i r emen t s .  S ince  t h a t  t ime ,  of c o u r s e ,  r e s e a r c h  
on t h e  upper s u r f a c e  blown f l a p  has  been c a r r i e d  o u t  a t  an  a c c e l e r a t e d  pace;  
t h i s  r e s e a r c h  l ead  t o  che  Boeing YC-14 AMST ( f i g .  8) wh ch w i l l  make i t s  i i r s t  
f l i g h t  w i t h i n  a few months and t o  t h e  NASA q u i e t  s h o r t  h a u l  r e s e a r c h  a i r c r a f t  
( f i g .  9 )  which should  be  f l y i n g  i n  about  3 y e a r s .  
As t h e  con fe rence  p rocePds ,  you w i l l  n o t e  t h a t  t h e r e  is s p e c i a l  emphasis  on 
t h e  upper  s u r f a c e  blown f l a p ,  f o r  t h i s  is  t h e  concept  which h a s  been r e sea rched  
most e x t e n s i v e l y  s i n c e  t h e  l a s t  NASA powered - l i f t  con fe rence  he ld  i n  1972, 
PERFORMANCE 
Now, l e t  us  t u r n  t o  some g e n e r a l  performance c o n s i d e r a t i o n s  f o r  powered- 
l i f t  a i r c r a f t .  The l a n d i n g  performance w i l l  be cons ide red  s i n c e  i t  i s  g e n e r a l l y  
more c r i t i c a l  than  take-of f  performance f o r  t h e s e  a i r c r a f t .  Some o f  t h e  f a c t o r s  
irivolved i n  l a n d i n g - f i e l d  l e n g t h  a r e  illustrates i n  f i g u r e  10. On t h i s  p l o t  o f  
wing l o a d i n g  a g a i n s t  appmach  speed  and t h e  co r r e spond ing  operational f i e l d  
l e n g t h ,  t h e r e  is a  f ami ly  of c u r v e s  r e p r e s e n t i n g  d i f f e r e n t  approach l i f t  c o e f f i -  
c i e n t s .  The band o f  v a l d e s  f o r  1 . 5  t o  1.8 is  f o r  conven t iona l  a i r p l a n e s  w i t h  
mechanical f l a p s .  Note t h a t  t h e s e  v a l u e s  a r e  approach l i f t  c o c f i i c i e n t s  which 
a r e  cons ide rab ly  lower t han  maximum l i f t  c o e f f i c i e n t s  because  of t h e  v a r i o u s  
ang le -o f - a t t ack  an3 speed margins r e q u i r e d  f o r  s a f e t y  of  cp t , r a t i on .  The ha t ched  
a r e a  r e p r e s e n t s  t y p i c a l  powered - l i f t  c o n d i t i o n s  i n  t h e  higl:,rr wing l o a d i n g  range  
and ex t ends  from f i e l d  l e n g t h s  of about  609.6 m (2000 f t )  t t ~   bout 1371.6 m 
(4500 f t ) .  A i r c r a f t  which u s e  t h e  s h o r t e r  f i c l d  l e n g t h s ,  609.6 m (2000 f t )  to  
about  1066.8 m (3500 f t ) ,  are u s u a l l y  c l a s a i f 1 , s d  as STOI, or  s h o r t  t ake-of f   an^ 
l a n d i n g  a i r c r a f t ;  whereas  hose usl.ng t h e  1066 8- t o  1371.6-m (3500- t o  4500. . )  
f i e l d  l e n g t h s  are termed RTOL, or  reduced take-of f  and Landing a i r c r a f t .  Tht 
approach l i f t  c o e f f i c i e n t s  can v a r y  from v a l u e s  as low as 2 f o r  t h e  RTOL to  
v a l u e s  o f  4  o r  5 f o r  t h e  STOL. O f  c o u r s e ,  lower wing l o a d i n g s  can  be  used  
r a t h e r  t h a n  h i g h e r  l i f t  c o e f f i c i e n t s  t o  o b t a i n  t h e  s h o r t e r  f i e l d  l e n g t h s ,  b u t  
t h i s  usage  c a n  l e a d  t o  u n d e s i r a b l e  r e d u c t i o n s  In c r u i s e  performance and r i d e  
Now, c o n s i d e r  t h e  a d d i t i o n a l  power which must be  i n s t a l l e d  i n  t h e  a i r p l a n e  
t o  o b t a i n  powered l i f t .  F igu re  11 shows t h e  a j r p l a n e  th rus t -we igh t  r a t i o s  
r e q u i r e d  t o  produce c e r t a i n  v a l u e s  of  CL,,,, and approach  liit c o e f f i c i e n t s  
f o r  an  e x t e r n a l l y  blown concept .  A s  an  example o f  a  high-perfo-mance STOL c a s e ,  
l e t  us  t a k e  an  approach  CL of  4 which g i v e s  a  l a n d i n g  f i e l d  l e n g t h  of about  
609.6 m (2000 i t )  w i t h  a  wing l o a d i n g  of 3830 ~ / m ?  (80 l b / f t 2 ) .  The t h r u a t -  
weight  r a t i o  r e q u i r e d  i n  t h i s  c a s e  is  about  0.5 o r  abou t  tw ice  t h e  i n s t a l l e d  
thrus t -weight  r a t i o  f o r  c o n v e n t i o n a l  jet  t r a n s p o r t s .  Of c o u r s e ,  i f  t h e  lower  
approach l i f ,  r e q u i r e d  f o r  RTOL a i r c  f t  is used ,  t h e  t h rus t -we igh t  r a t i o s  
r e q u i r e d  a r e  w ~ c h  smaller. As h a s  been i n d i c a t e d ,  t h e s e  c u r v e s  a r e  f o r  e x t e r -  
n a l l y  blown f l , \ p s .  The more e f f i c i e n t  i n t e r n a l l y  blown f l a p s  r e q u i r e  l e s s  
t h rus t -we igh t  r , a t i o ,  a s  i n d i c a t e d  i n  f i g u r e  12 ( d a t a  from r e f .  10 ) .  
F igu re  12 stlows t h e  s t a t i c  t h rus t -we igh t  r a t i o  r e q u t r e d  a s  a  f u n c t i o n  o f  
approach CL f o r  i n t e r n ~ i l l y  and e x t e r n a l l y  blown f l a p s .  The lower  t h r u s t  
requi rement  f o r  t h e  i n t e r n a l l y  blown f l a p s  i s  a p p a r e n t .  However, i n  o r d e r  t o  
o b t a i n  a meaningfu l  comparison o f  t h e  power r equ i r emen t s  f o r  t h e  i n t e r n a l l y  and 
e x t e r n a l l y  blown f l a p s ,  i t  is n e c e s s a r y  t o  c o n s i d e r  t h e  c h a r a c t e r i s t i c s  of  t h e  
e n g i n e s  used w i t h  t h e  two f l a p  sys tems.  T h i s  p o i n t  is i l l u s t r a t e d  i n  f i g u r e  1 3  
by combining t h e  d:lta of  f i g u r e  12 w i t h  some e n g i n e  i n f o r m a t i c n .  The cu rve  a t  
t h e  right: i l l u s t r a t e s  t h e  v a r i a t i o n  w i t h  eng ine  f a n  p r e s s u r e  r a t i o  ' t h e  s t a t i c  
t h rus t -we lgh t  r a t i o  a v a i l a b l e  w i th  a g iven  d e s i g n  c r u i s e  t h r u s t .  Trte e n g i n e s  
a p p r o p r i a t e  f o r  u s e  w i th  e x t e r n a l l y  blown f l a p s  have a  r e l a t i v e l y  low f a n  p re s -  
s u r e  r a t i o  and, hence ,  p rov ide  m?~ch more s t a t i c  t h r u s t  t han  t h e  e n g i n e s  f o r  
i n t e r n a l l y  blown f l a p s  des igned  f o r  t h e  some c r u i s e  t h r u s t .  The d a s h r i  l i n e s  
w i th  a r rows  i n d i c a t e  t h a t  t h i s  d i f f e r e n c e  i n  e n g i n e  c h a r a c t e r i s t i c s  a lmost  
b a l a n c ? ~  o u t  t h e  d i f f e r e n c e  i n  f l a p  e f f i c i e n c y  s o  t h a t  t h e  o v e r a l l  performance,  
a s  i n d i c a t e d  by t h e  approach  CL o b t a i n e d  wi th  a  g iven  c r u i s e  t h r u s t ,  is no t  
g r r ~ t l y  d i f f e r e n t  f o r  t h e  two f l a p  s y s t t  3 .  
Another  impor tan t  f a c t o r  a f f e c t i n g  t h e  performance of  t h e  e x t e r n a l l y  blown 
sys tems is t h e  re1 i t i o n s h i p  o f  t h e  e n g i n e  exhaus t  t o  t h e  f l a p .  I n  t h e  c a s e  o f  
t h e  e x t e r n a l l y  blown f l a p  (EBF), i t  h a s  been found t h a t  t h e  amount o f  powered 
l i f t  o b t a i n e d  depends on h o ~  well t h e  f l a p  "captures"  t h e  e n g i n e  exhaus t  and 
t u r n s  i t  downward. 
T h i s  p o i n t  is i l l u s t r a t e d  i n  f i g u r e  1 4  ( d a t a  i r o n  r e f .  11)  which shows 
powered- l i f t  increment as  a f u n c t i o n  o f  s l i p s t r e a m  c a p t u r e  t a t i o ,  z/D, where 
z/D is d e f i n e d  by t h e  s k e t c h .  The l i f t  increment  appears t o  va ry  d i r e c t l y  as 
t h e  p r o p o r t i o n  of  t h e  slipstream capr  . : e d  ~ n d  a c t u a l l y  c o n t i n u e s  t o  i n c r e a s e  
LLbyond n z/D of  1 where t h e  bot tom u.' t h e  eng ine  exhaus t  would t h e o r e t i c a l l y  
. . . .  
co inc ide  wi th  t h e  bottom of t h e  f l a p .  It h a s  been found t h a t  t h i s  r e l a t i v e l y  
simple f a c t o r  Z / D  can satisfactorily account f o r  chenges i n  geometric des ign 
f e a t u r e s  such a s  l o n g i t u d i n a l  and v e r t i c a l  p o s i t i o n  of  t h e  n a c e l l e ,  t h e  i n c i -  
dence of  t h e  n a c e l l e ,  and t h e  r e l a t i v e  s i z e  of t h e  f l a p  and engine  nozzle .  A 
paper by D. R. Hoad ( r e f .  12) i n  t h i s  conference w i l l  g ive  more informat ion O,I 
t h i s  sub jec t .  
I n  t h e  c a s e  of t h e  upper s u r f a c e  blown £ l a ?  (USB), t h e r e  a r e  some o t h e r  
c r i t i c a l  f a c t o r s  involved i n  t h e  t u r n i n g  of t h e  j e t  exhaust  a s  i n d i c a t e d  by 
f i g u r e  15  (taken from r e f .  13) .  On t h i s  p l o t  of engine  f a n  p r e s s u r e  r a t i o  
a g a i n s t  t h e  r a t i o  of jet th ickness  t o  f l a p  t u r n i n g  r a d i u s ,  a boundary f o r  good 
t u r n i n g  is shown. The boundary i n d i c a t e s  t h a t  r educ t ions  i n  p r e s s u r e  r a t i o  
permit t h i c k e r  j e t s  t o  be used, bu t  i t  has  been found t h a t  even w i t h  low-fan- 
p ressure - ra t io  engines ,  some s p e c i a l  f e a t u r e s  a r e  r equ i red  f o r  s a t i s f a c t o r y  
turning.  These s p e c i a l  f e a t u r e s  inc lude  extreme f l a t t e n i n g  of t h e  exhaust  
nozzle,  a downward d e f l e c t i o n  of t h e  nozzle ,  and t h e  use  of some f l o v  c o n t r o l  
device  such a s  boundary-layer c o n t r o l  o r  v o r t e x  genera to r s  a t  t h e  knee of :he 
f l a p .  The YC-14 AMST makes use  of vor tex  g e n e r a t o r s  a long w i t h  a  smal l  nozz le  
d e f l e c t i o n  angle  t o  o b t a i n  good tu rn ing .  An i l l u s t r a t i o n  of t h e  improvement i n  
tu rn ing  obta ined wi th  rlozzle d e f l e c t i o n  ang le  is shown i n  f i g u r e  16. Note t h e  
favorable  s h i f t  i n  t h e  boundary wi th  t h e  d e f l e c t e d  nozzle .  The ske tches  i n  t 
! I  f i g u r e  17 ( taken from r e f .  13) i l l u s t r a t e  how t h e  d e f l e c t e d  nozzle  f l a t t e n s  t h e  I j e t  shee t  t o  produce b e t t e r  turning.  Since  t h e  j e t  s h e e t  a l s o  2preads o u t ,  i t  
covers a  g r e a t e r  T a r t  of t h e  f l a p  span and r e s u l t s  i n  improved : f t  performance. 1 
! 
It should be poinLed ou t  t h a t  t h e  nozzle  d e f l e c t i o n  angle  i ' l u s t r a t e d  i n  
f i g u r e s  16 and 17 m y  be r e f e r r e d  t o  i n  l a t e r  papers i n  t h e  conference a s  
l e f l e c t o r  angle ,  kickdown ang le ,  o r  nozzle  roof ,agle.  D ~ f i n i t ! ~ o n  of t h e s e  
ang les  may d i f f e r  i n  d e t a i l  bu t  they a l l  r e f e r  t o  a  dow~ward d e f l e c t i o n  of t h e  
exhaust  over t h e  top of t h e  wing t o  f l a t t e n  t h e  j e t  shee t  and make i t  t u r n  
STABILITY AND CONTROJ. 
Now l e t  us  t u r n  from performance t o  s t a b i l i t y  and c o n t r o l  c o n s i d e r a ~ i o n s .  
A c r i t i c a l  problem i n  t h i s  a r e a  f c r  both  e x t e r n a l l y  blown concepts  is  maintain- / :  ; 
ing  l a t e r a l  t r i m  wi th  an engine ou t .  Of course ,  an a t tempt  is  made i n  t h e  b a s i c  I! /; 
design of t h e  a i r c r a f t  t o  minimize t h e  problen by l o c a t i n g  t h e  engines  a s  f a r  
inboard on t h e  wing a s  p o s s i b l e ;  but  s p e c i a l  p rov i s ions  a r e  s t i l l  required t o  
o b t a i n  l a t e r a l  t r i m  wi thout  p r o h i b i t i v e  l o s s e s  i n  l i f t .  Typ ica l  e ~ g i n e - o u t  
r o l l i n g  monents measured on EBF and USB models ( r e f s .  13  and 14) a r e  presented 
i n  f i g u r e  1 8  a s  a  func t ion  of t h e  engine-out l i f t  l o s s .  The s o l i d  l i n e  repre-  
s e n t s  t h e  r o l l i n g  moments obta ined by mul t ip ly ing  t h e  l o s s  i n  l i f t  by t h e  d i s -  
tance  o u t  t o  t h e  dead engine ( y l b ) ,  whereas t h e  d a t a  p o i n t s  s h ~ i  t h e  measured 
r o l l i n g  moments, For both models, t h e  f a c t  t h a t  t h e  measured moments a r e  
smal le r  than t h e  calculates moments i n d i c a t e s  t h a t  t h e  c e n t e r  of  l!f t  induced 
by an engine  is somewhat inboard of t h e  engine.  These measured mome.ts, how- 
ever ,  a r e  s t i l l  very l a r g e  and r e q u i r e  s p e c i a l  a t t e n t i o n  on t h e  p a r t  of t a e  
i  : 
1 ,  
, I 
I 
I 
9 n e  s a t i s f a c t o r y  s o l u t i o n  t o  t h e  p rob lem f o r  t h e  e x t e r n a l l y  b l o b n  f l a p  
is i l l u s t r a t e d  i n  f i g u r e  1 9  ( t a k e n  f rom ref .  1 4 ) .  Shown on a p l o t  o f  r o l l i n g -  
moment c o e f f i c i e n t  a g a i n s t  l i f t  c o e f f i c i e n t  are t h e  b a s i c  4 -eng ine  CL,max 
c o n d i t i o n ,  t h e  e n g i n e - o u t  c o n d i t i o n  w i t h  n o  l a te ra l  tr!!., and t h e  trimmed con- 
d i t i o n s  o b t a i n e d  w i t h  midspan d i f f e r e n t i a l  fJ .aps  and s p o i l e r s .  With b o t h  t h e  
s p o i l e r s  and f l a p s  d e f l e c l e d ,  t h e  r o l l i n g  moment i s  Inore t h a n  a d e q u a t e  f u r  
la teral  trim; t h e r e f o r e ,  much o f  t h e  s p o i l e r  e f f e c t i v e n e s s  Ls a v a i l a b l e  f o r  
maneuver ing  i n  r o l l .  
T h i s  s o l u t i o n  t o  t h e  e n g i n e - o u t  l a te ra l  trim prob lem d i d  n o t  work f o r  t h e  
u p p e r  s u r f a c e  blown f l a p  b e c a u s e  o f  a  b a s i c  d i f f e r e n c e  i n  t h e  f l o w  p a t t e r n s  o v e r  1 ;- 
t h e  wing  and  f l a p ,  as i l l u s t r a t e d  i n  f i g u r e  20 ( t a k e n  f r o ~  r e f .  1 3 ) .  For  t h e  L f 
e x t e r n a l l y  blown f l a p ,  t h e  f l o w  i m p i n g e s  on t h e  b o t t o m  s u r f a c e  o f  t h ~  f l . p s  and f 
s p r e a d s  o u t  s p a n w i s e  t h r o a g h  t h e  f l a p  s l o t s  s o  t h a t  t h c  p o w e r e d - l i f t  e f f e c t  I 
e x t e n d s  w e l l  o u t b o a r d  o f  t h e  e n g i n e s .  For  t h e  u p p e r  s u r f a c e  blown f l a p ,  t h e  ! 
jet e x h a u s t  t e n d s  t o  r o l l  up and  c o r . t r a c t ,  and t h u s  p u l l s  t h e  lower  v e l o c i t v  1 ;. f r e e - s t r e a m  f l o w  inward a l o n g  t h e  mid.;pan. The midspan f l , l p  segment  is t h e r e -  
f o r e  n o t  v e r y  e f f e c t i v e  f o r  p r o v i d i n g  r o l l  t r i m .  A much more e f f e c t i v e  r o l l  
trim f o r  t h e  USB c o n f i g u r ~ t i o n  was found t o  b e  t h e  u s e  o f  a s y m m e t r i c a l  boundary-  ! 
l a y e r  c o n t r o l ;  t h a t  is, t h e  u s e  of  BLC on  t h e  l e a d i n g  edge  a ~ d  a i l e r o n  o f  t h e  I 
w ing  w i t h  t h e  e n g i n e  o u t  b u t  n o t  on t h ?  c ) t h ? r  wing.  F i g u r e  '71 shows some l a t e r a l  1 
trim d a t a  o b t a i n e d  w i t h  t h i s  method ( r r f .  1 3 )  which  l o o k  v e r y  s i m i l a r  t o  t h e  
r e s u l t s  o b t a i n e d  c n  t h e  LBF model w i t h  t h e  midspan d i f f e r e n t i a l  f l a p  and s p o l l e r .  
T h i s  p o i n t  w i l l  be  c o v e r e d  i n  more d e c l i l  by A.  E .  P t l e lps  111 and J .  L .  J o h n s o n  i ' 
Y ,  ( r e f .  1 5 ) .  
, 
Another  c r i t i c a l  s t a b i l i t y  and , ~ n t r o l  p rob lem a r e a  f o r  p o w e r e d - l i f t  a i r -  ! _ 
c r a f t  Ls t h e  d e s i g n  o f  t h e  h o r i z o n t a l  t a i l  f o r  a d e q u a t e  l o n g i t u d i n a l  trim and , . : i  I :  
s t a b i l i t y .  L o n g i t u d i n a l  trim is a  p rob lem b e c a u s e  o f  t h e  l a r g e  nose-down p i t c h -  
i n g  moments p roduced  by p o w e r e d - l i f t  f l a p s  a t  h i g h  r h r u s t  s e t t i n g s .  The p rob lem 
8 .  is i l l u s t r a t e d  i n  f i g u r e  22  ( d a t a  f rom r e f .  1 3 )  which shows t h e  h o r i z o n t a l - t a i l  
s i z e  r e q u i r e d  'c trim o u t  t h e s e  nose-down moments a t  v a r i o u s  l i f t  c o e f f i c i e n t s .  
t , -  Curves  a r e  shok , f o r  a 27O swept  wing cind a n  un:,wept wing h a v i n g  U S B  f l a p s .  
I ( S i m i l a r  r e s u l t s  vrould b e  e x p e c t e d  w i t h  t h e  EBF c o n c e p t  . )  A t a i l  arm ( 1  t a i l / c )  
o f  fo i l r  wing  c h o r d s  and a t a i l  l i f t  c o e f f i c i e n t  ( i L , t a j l )  o f  two have  bccn $ 
assumed i n  c a l c u l a t i n g  t h e  c u r v e s .  I t  is a p p . i r e n t  t h a t  v e r y  l a r g e  h o r i z o n t a l  
t a i l s  a r e  r e q u i r e d  f o r  trim a t '  t h e  h i g h e r  l i f t  c o e r f i c i c n t s  obt.-iined w i t h  pow- 
e r e d  l i f t ,  e s p e c i a l l y  f o r  t h e  unswept wing .  The trim r e q u i r e m e n t s  a r e  s m a l l e r  
i ~ r  t h e  swept  winy b e c a u s e  w i t h  t h e  e n g i n e s  l o c a t e d  i n b o a r d ,  t h e  p o w e r e d - l i f t  
l o a d s  are a c t i n g  f u r t h e r  f o r w a r d  w i t h  r e s p e c t  t o  t h e  c e n t e r  o f  g r a v i t y  and t h e r e -  
f o r e  p roduce  s m a l l e r  nose-down moments. Even f o r  t h e  s w e p t  wjng ,  however ,  t h e  
t a i l  s i z e s  r e q u i r e d  a t  t h e  h i g h e r  l i f t  c o e f f i c i e n t s  a r e  much l a r g e r  t h a n  t h e  + 
4 
;irl-?.;l o f  a b o u t  20 p e r c e n t  u s u a l l y  r e q u i r e d  f o r  c o n v e n t i o n a l  t r a n s p o r t s .  f 1 T h i s  l a r g e  h o r i z o n t a l  t a i l  must a l s o  b e  p o s i t i o n e d  p l o p e r l y  on t h e  a i r -  
c r a f t  t o  g i v e  s a t i s f a c t o r y  l o n g i t r l d i n a l  ? t a b i l i t y ,  a s  i l l u s t r a t t ? :  , . I  f i g u r e  2 3  4 1 : :  
( t a k e n  f rom r e f .  1 4 ) .  T h e s e  pi tching-moment  d a t a ,  f g r  a  powered-l  i f t  a p p r o a c h  1 ;  ' ,   
c o n d i t i o n ,  shcw t h e  u n s t a b l e  t a i l - o f f  c j r v e  w i t h  t h e  l a r g e  nose-down ~noments  1 : 
and two t a i l - o n  c u r v e s .  With t h e  h i g h  r e a r w a r d  t a i l  l o c a t i o n ,  t h e  model is 
l o n g i t u d i n a l l y  uns t ; ab le .  Moving t h e  t a i l  :orward i n  t h e  h i g h  p o s i t i o n  makes 1 : 1 I t h e  model s t a b l e ,  a t  least o u t  t o  a n  a n g l e  o f  a t t a c k  o f  15". F i g u r e  24 ( t a k e n  
, 1 '  
I /  I 
i  t :  
+ , # i  L -  . 
from r e f .  14) shows why moving t h e  r a i l  forvard helped t h e  s t a b i l i t y .  The trail- 
ing  v o r t i c e s  o r i g i n a t i n g  a t  t h e  wing t i p  o r  outboard end of t h e  f l a p  move inward 
s o  t h a t  a reaward- located t a i l  tends  t o  move i n t o  a region of d e s t a b i l i z i n g  
downwash as angle  of a t t a c k  is increased.  Loca t fcg  t h e  t a i l  f a r t h e r  f c w a r d  
g e t s  it f a r t h e r  away from t h e  v o r t i c e s  and i n t o  a region of l e s s  d e s t a b i l i z i n g  
downwash. It is apparent from t h i s  ske tch  and t h e  two preceding d a t a  f i g u r e s  
t h a t  s i z i n g  and l o c a t i n g  t h e  h o r i z o n t a l  t a i l  f o r  s a t i s f a c t o r y  t r i m  and s t a b i l i t y  
can be a c r i t i c a l  des ign problem For powered-lif t a i r c r a f t  . 
Another important s t a b i l i t y  and c o n t r o l  c o n s i d e r a t i c n  f o r  pow: red- l i f t  air- 
c r a f t  i s  t h e  s t a b i l i t y  of :'-- Dutch ro l l  c s c i l l a t i o n ,  as i l h s t r a t e d  i n  f i g c r e  25 
(taken from r e f s .  1 3  and 14) .  Calcula ted Dutch r o l l  c h a r a c t e r i s t i c s  f o r  USB and 
EBF conf igurat ions  wi th  swept a l ~ d  unmept  wings a r e  shorn w2th boundaries taken 
from an AGARD pub l ica t ion  o a t l i n i n g  STOL handling c r i t e r i a  ( r e f .  16) .  Tht: p l o t  
on the  l e f t  shows t h a t  wi th  t h e  swept wing, both t h e  USB and EBF a i r c r a f t  had 
unsa t i s fac to ry  Dutch r o l l  s t a b i l i t y  when t h e  l i f t  coef f i c j . en t  was increased from 
1.5 t o  5.0. S a t i s f a c t o r y  dampiag could be obta ined by doubling t h e  b a s i c  r o l l  
.'%*<7=: 
and yaw damping of t h e  EBF a i r c r a f t  and t r i p l i n g  t h e  r o l l  and yaw damping of t h e  
.2 USB a i r c r a f t .  I n  c o n t r a s t ,  t h e  p l o t  on t h e  r i g h t  f o r  t h e  unswept wing shows t h a t  :.<' 
inc reas ing  t h e  l i f t  c o e f f i c i e n t  from 1.5 t o  5.0 makes t h e  Dutch r o l l  s t c b i l i t y  
s a t i s f a c t o r y  even wi th  t h e  b a s i c  r o l l  and yaw damping. The feet t h a t  t h e  unswept . - + I  
. .I 
wing looks s o  good from t h e  s t andpoin t  of Dutch r o l l ,  whi le  t h e  swept wing was 
shown t o  requ i re  a much smal ler  h o r i z o n t a l  t a i i  f o r  l o n g i t u d i n a l  t r i m  ( f i g .  22) 
ACOUSTICS AND LOWS t ..': 
.: I - ;  
f ..:4 The a r e a s  of powered-lift a c o u s t i c s  and ioads  w i l l  r.:w be  considered.  A good 
i i l u s t r a t i o n  of t h e  s e v e r i t y  of t h e  n o i s e  problem f o r  powered-lif t  STOL a i r c r a f t  1 . I' ~2 
is shown i n  f i g u r e  26 (from r e f .  17) which compares t h e  n o i s e  requirements f o r  '.-.I 
STOL and CTOL (conventional take-off and landing)  a i r c r a f t .  F i r s t ,  t h e  b a r s  a t  t:...: ! /-<-:j t h e  l e f t  show t h e  present  and proposed Federal  Aviation Adminis t ra t ion (FAA) I -:.,a 
s i d e l i n e  no i se  c o n s t r a i n t s  (103 t o  98 EPNdB) f o r  a s i d e l i n e  d i s t a n c e  of 0.56 !cm 
(0.35 mile) o r  643 m (2100 f t ) .  I f  t h e s e  va lues  a r e  converted t o  a s i d e l i n e  
d i s tance  of 151 m (500 f t )  they become 124 and 119 EPNdB. The b a r  a t  t h e  
r i g h t  shows t h a t  t h s  t e n t a t i v e  STOL n o i s e  goal f o r  t h i s  same 151-m (500-ft) 
s i d e l i n e  d i s tance  is 95 EPNdB, which means t h e  STOL must be 24 t o  29 EPNdB 
q u i e t e r  than , conventional a i r p l a n e .  This  s t r i n g e n t  requirement. cf course ,  
sterns from the  f a c t  t h a t  STOL a i r c t a f t  a r e  intended t o  o p e r a t e  from a i r p o r t s  
which a r e  c l o s e r  t o  populated a reas .  
Although t h e  STOL is required t o  be  much q u i e t e r  than a CTOL, i t  is  a c t u a l l y  
p o t e n t i a l l y  n o i s i e r  because i t  has  a much h igher  i t i s t a l l e d  t h r u s t  and opera tes  
a t  high khrust va lues  dur ing approach and 1andiv.g. The s o l u t i o n  t o  t h i s  problem 
is obviously the  use of a very q u i e t  eng i re ;  and pronlising resea rch  and develop- 
ment have been going on i n  t h i s  a rea .  Unfortunately,  t h e  e x t e r n a l l y  blown f l a p  
produces a d d i t i o n a l  noise  which cqmpounds t h e  problem, as i l l u s t r a t e d  i n  f i g -  
ure  27 (from r e f .  18). Noise r a d i a t i o n  p a t t e r n s  a r e  shown f o r  engine a lone ,  f o r  
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f l a p s  r e t r a c t e d ,  and f o r  a  take-off  f l a p  d e f l e c t i o n .  There is a small i n c r e a s e  
i n  n o i s e  l e v e l  even wi th  f l a p  r e t r a c t e d ,  and a  very l a r g e  i n c r e a s e  when t h e  f l a p s  
a r e  extended down i n t o  t h e  jet exhaust .  
As  i n d i c a t e d  e a r l i e r ,  i t  was t h e  s e v e r i t y  of  t h i s  f l a p  impingement n o i s e  
w i t h  t h e  EBF which r e s u l t e d  i n  renewed i n t e r e s t  i n  upper s u r f a c e  blowing. The 
b e n e f i t  t o  be  gained by having t h e  exhaust  flow above t h e  wing t o  t a k e  advantage 
of t h e  s h i e l d i n g  e f f e c t  of t h e  wing is i l l u s t r a t e d  i n  f i g u r e  28 (from r e f .  18)  
which compares r o i s e  r a d i a t i o n  p a t t e r n s  and n o i s e  l e v e l s  f o r  EBF and USB f l a p  
systems wi th  a  l and ing  f l a p  d e f l e c t i o n .  The p l o t  a t  t h e  l e f t  shows t h a t  t h e  USB 
produces more no i se  above the  wing but produces much l e s s  n o i s e  below t h e  wing, 
which is, of course ,  t h e  important  d i r e c t i o n .  The p l o t  a t  t h e  r i g h t  shows t h e  
v a r i a t i o n  of no i se  wi th  nozzle  exhaust  v e l o c i t y  f o r  t h e  two concepts.  A sub- 
s t a n t i s l  r educ t ion  i n  exhaust  v e l o c i t y  is required wi t11  t h e  EBF t o  g ive  compa- 
r a b l e  no i se  l e v e l s  wi th  t h e  USB; t o  o b t a i n  t h i s  lower exhaust  v e l o c i t y ,  an  
engine  wi th  a lower fan  p ressure  r a t i o  is required wi th  t h e  EBF. Recent 2zvelap- i ments which i n d i c a t e  s o l u t i o n s  t o  the  n o i s e  problems of both  t h e s e  concepts  a r e  covcred i n  l a t e r  s e s s i o n s  of t h e  conference.  
I n  t h e  a r e a  c f  aerodynamic loads ,  one of t h e  problems inheren t  i n  t h e  
e x t e r n a l l y  blown concepts is t h e  lame s t a t i c  loads  produced on t h e  f l a p s  a s  
i l l u s t r a t e d  i n  f i g u r e  29 ( taken from r e f .  1 9 ) .  On t h i s  p l o t  of t h e  spanwise 
v a r i a t i o n - o f  f l a p  normal f o r c e  on t h e  t h r e e . f l a p  segments, t h e  peak loads  a r e  
obta ined d i r e c t l y  behind each engine.  These r e s u l t s  were obta ined on an 
EBF model; but  s i m i l a r  peak va lues  behind t h e  engines  0ccr.r f o r  USB conf igura-  
t i o n s  a s  w i l l  be seen i n  a subsequent paper by B. Perry  III and M. R. Mendenhall 
( r e f .  20). Another loads  problem f o r  both  of t h e s e  cortcepts is h i g h - i n t e n s i t y  
f l u c t u a t i n g  loads  which can induce high v i b r a t i o n  l e v e l s  and son ic  f a t i g u e .  
Figure  30 ( taken from r e f .  21) i l l u s t r a t e s  t h e  p r i n c i p a l  sources  of t u r b u l e n t  
p ressure  f l u c t u a t i o n s  f o r  hoth e x t e r n a l l y  blown ccncepts .  These p ressure  f l u c -  
t u a t i o ~ ~ s  can be generated wi th in  t h e  engine  by combustion, i n  t h e  mixing region 
of the  core  o r  bypass exhaust  j e t ,  o r  i n  the  flow impingement region by boundary 
l a y e r s  o r  separa ted  flow. The s i g n i f i c a n c e  of t h e  dynamic loads  induced by 
these  p ressure  f l u c t u s t i o n s  is  i l l u s t r a t e d  i n  f i g u r e  31 ( taken from r e f .  22). 
The sound p ressure  l e v e l s  of s e v e r a l  sources  of a c o u s t i c  loading on a i r c r a f t  
are  compared i n  b a r  graph form. For sound :bressure l e v e l s  ;above about 130 dd,  
son ic  f a t i g u e  f a i l u r e s  of l i g h t  secondary : . . ruc tu res  have become a  problem with  
the  top f o a r  sources  shown. I t  is t h e r e f o r e  expncted t h a t  blown f l a p s  (both  
EBF and US&) w i l l  a l s o  be sub jec t  t o  s o n i c  f a t t p u e  and t h a t  s p e c i a l  a t t e n t i o n  
must be given t o  t h i s  problem i n  t h e  detk ed des ign of t h e  powered-l if t  system. 
OTHER POWERED-LIFT CONCEPTS 
Some o t h e r  powered-l if t  concepts  which have r e c e n t l y  bren r e c e i v i n g ' a t t e n -  
t i o n  a r c  i l l u s t r a t e d  i n  f i g u r c  32. F i r s t ,  a t  the  top of t h e  f i g u r e  i~ t h e  over- 
the-wing blowing arrangement which has p o t e n t i a l  a p p l i c a t i o n  t o  convent ional  
subsonic t r a n s p o r t s  and supersonic  t r a n s p o r t s .  This  c o n ~ * ~ > p t  d i f f e r s  f ron upper 
s u r f a c e  blowing i n  t h a t  t h e  engine exhaust  i n  c r u i s i n g  f l i g h t  does not  touch 
t h e  upper s u r f a c e  of t h e  wing. Thus, scrubbing d r a g  LS avoided and i t  might be 
possible to position the engine so that the 2xhaust produces a favorable rather 
than a detrimental interference drag. For low-speed flight, tail-pipe deflectors 
turn the exhaust downward against the top of the wing. Research results on this 
concept will be given in a rubsequent paper by P. L. Coe and P. G. Fournier 
Another concept, illustrated at the lower left, is spanwise blowing, a 
technique in w!:' -11 a jet of air is blown out along the upper surface of the 
wing in a direction essentially parallel to the leading edge in order to enhance 
the leading-edge vortex and thereby delay vortex breakdown and wing stall to 
higher angles of attack. (See ref. 24.) This concept appears to be promising 
as a means of increasing the maneuverability of fight~r aircraft. Another 
means of increasing fighter maneuverabi!ity, which has also been studied 
recently, is the use of powered-lift maneuvering flaps su~,, .is illustrated at 
the lower right of figure 32. Flaps of this type can provide the substantial 
increase in lift desired for better maneuvering capability. 
CONCLUDING REMARKS 
In thi~ overview of powered-lilt technology, an attempt has been made to 
present in a very condensed form, an objective view of both the potential and 
the problems of powered lift. The papers to be presented during the remainder 
of the conference will complete the picture and will cover some of the latest 
developments in the field. 
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